Epstein-Barr virus (EBV) is a ubiquitous herpesvirus strongly associated with multiple sclerosis (MS), a chronic inflammatory disease of the central nervous system (CNS). However, the mechanisms linking EBV infection to MS pathology are uncertain. Neuropathological and immunological studies suggest that a persistent EBV infection in the CNS can stimulate a CD8 T-cell response aimed at clearing the virus but inadvertently causing CNS injury. Inasmuch as in situ demonstration of EBV-specific CD8 T cells and their effector function is missing, we searched for EBVspecific CD8 T cells in MS brain tissue using the pentamer technique. Postmortem brain samples from 12 donors with progressive MS and known HLA class I genotype were analyzed. Brain sections were stained with HLA-matched pentamers coupled with immunogenic peptides from EBV-encoded proteins, control virus (cytomegalovirus and influenza A virus) proteins, and myelin basic protein. CD8 T cells recognizing proteins expressed in the latent and lytic phases of the EBV life cycle were visualized in white matter lesions and/or meninges of 11/12 MS donors. The fraction (median value) of CD8 T cells recognizing individual EBV epitopes ranged from 0.5 to 2.5% of CNS-infiltrating CD8 T cells. Cytomegalovirus-specific CD8 T cells were detected at a lower frequency (Յ0.3%) in brain sections from 4/12 MS donors. CNS-infiltrating EBV-specific CD8 T cells were CD107a positive, suggesting a cytotoxic phenotype, and stuck to EBV-infected cells. Together with local EBV dysregulation, selective enrichment of EBV-specific CD8 T cells in the MS brain supports the notion that skewed immune responses toward EBV contribute to inflammation causing CNS injury. IMPORTANCE EBV establishes a lifelong and asymptomatic infection in most individuals and more rarely causes infectious mononucleosis and malignancies, like lymphomas. The virus is also strongly associated with MS, a chronic neuroinflammatory disease with unknown etiology. Infectious mononucleosis increases the risk of developing MS, and immune reactivity toward EBV is higher in persons with MS, indicating inadequate control of the virus. Previous studies have suggested that persistent EBV infection in the CNS stimulates an immunopathological response, causing bystander neural cell damage. To verify this, we need to identify the immune culprits responsible for the detrimental antiviral response in the CNS. In this study, we analyzed postmortem brains donated by persons with MS and show that CD8 cytotoxic T cells recognizing EBV enter the brain and interact locally with the virus-infected cells. This antiviral CD8 T cell-mediated immune response likely contributes to MS pathology.
M ultiple sclerosis (MS) is the most common chronic inflammatory disease of the central nervous system (CNS) and the leading cause of nontraumatic neurological disability in young adults. Leukocyte infiltration, demyelination, neurodegeneration, and reactive gliosis in the CNS are the histopathological hallmarks of MS, leading to progressive deterioration of motor, sensory, and cognitive functions (1) . The precise etiology of MS and whether it is self or nonself antigens that trigger persistent CNS inflammation is not yet clear. The current belief is that MS develops in a genetically susceptible host upon interaction with environmental factors (2) . More than 200 susceptibility genes have been identified, with the HLA DRB1*1501 allele conferring the strongest risk for MS (3) . The most common environmental risk factors are sunlight exposure/vitamin D level, cigarette smoking, and infectious agents (2) . Among the latter, Epstein-Barr virus (EBV), a human DNA herpesvirus infecting about 95% of the adult population worldwide, is the main candidate culprit; no other pathogen shows such a strong association with MS (4, 5) .
EBV infection commonly occurs early in life, is asymptomatic, and is carried as a latent, lifelong infection of B cells that is tightly controlled by the host's immune system (6) . However, in some circumstances the virus-host balance is disturbed and the pathogenic potential of EBV can manifest. EBV is etiologically linked to a variety of human tumors, including lymphomas and nasopharyngeal carcinoma, and to diseases like infectious mononucleosis, the genetically acquired X-linked lymphoproliferative disease, and chronic active EBV infection, which are caused by exaggerated immune responses to the virus resulting in bystander tissue damage (7) .
The association of EBV with MS is mainly supported by large-scale studies that have consistently shown virtually 100% EBV seroprevalence in adult MS, higher anti-EBV antibody titers, particularly for EBNA1 IgG, in MS patients than in healthy subjects (5, (8) (9) (10) , and an increased risk of developing MS after infectious mononucleosis (11) . It has been shown that EBV infection is required for MS development (12) and that the rise in anti-EBV antibody titers occurs already several years (up to 20) before MS diagnosis (13) (14) (15) , suggesting a causative role of EBV in MS. Elevated CD4 and CD8 T cell responses to EBV in MS patients, particularly during disease flares, are consistent with abnormal EBV infection in MS (16) (17) (18) (19) (20) . Studies have also shown impaired EBV-specific CD8 T cell responses in MS patients (21) (22) (23) ) and a decreased frequency or functionality of EBV-specific CD8 T cells with increasing disease duration (18, 22, 23) , suggesting T-cell exhaustion due to a persistently active infection. Since EBV establishes latency in memory B cells (6) , confirmation of the beneficial effects of B-cell-depleting anti-CD20 monoclonal antibodies (MAbs) in large MS cohorts (24, 25) has reinforced the association between EBV and MS and the need for studies to elucidate the mechanisms linking EBV infection to MS pathology (26, 27) .
Molecular mimicry between viral and CNS myelin antigens (28, 29) and EBVmediated induction of a putative autoantigen, the small stress protein alpha B-crystallin (30) , have been proposed as possible mechanisms underlying the EBV-MS link. However, the available evidence is still inconclusive. Immortalization of autoreactive B cells by EBV remains hypothetical (31) , especially when one takes into account the unproven role of autoantibodies in MS and the fact that the rapid clinical effect of B-cell-depleting drugs in MS is not accompanied by a reduction in antibody production and intrathecal Ig synthesis (32) . This rules out the involvement of humoral immunity in the therapeutic effect. Evidence also is missing that EBV is preferentially harbored in autoreactive B cells (33) . Another possibility is that impaired immune responses to EBV at primary infection results in increased viral load (34) , allowing migration of activated, circulating EBVinfected B cells into the CNS. Due to its ability to stimulate B-cell proliferation (6) , EBV would promote intrathecal B-cell expansion and maturation, a hallmark of MS (1) . A CNS-secluded, low-grade, and chronically active EBV infection would stimulate an immune response that promotes inflammation and inadvertently causes damage to the CNS (7) . This pathogenic model is supported by our studies in postmortem MS brain tissue showing a dysregulated, predominantly latent EBV infection in CNS-infiltrating B cells, particularly those forming ectopic B-follicle-like structures in the meninges (35) (36) (37) (38) , and viral reactivation in CNS-infiltrating plasmablasts/plasma cells (19, 35, 38) . EBV latent and lytic transcripts were also detected in laser-cut CNS immune infiltrates (19, 36, 39) . Most importantly, we have shown that EBV dysregulation in the CNS is characteristic of MS and is not observed in patients with other infectious and noninfectious inflammatory diseases of the CNS (35, 36) . Abnormal EBV infection in the MS brain has been confirmed in other independent studies (40) (41) (42) , while several researchers failed to detect EBV in MS brain lesions (43) (44) (45) (46) . Such discrepancies across studies may be explained by differences in sample selection and methods/tools to detect EBV (47, 48) .
Although an EBV-induced immunopathological model of MS is biologically plausible, it needs to be substantiated by a more detailed understanding of the immune components involved. Cytotoxic CD8 T cells play an important role in controlling EBV infection (49) , and it is well established that CD8 T cells represent the predominant T-cell population in MS brain inflammatory lesions (50, 51) . It was also shown that MS brain-infiltrating CD8 T cells undergo clonal expansion (52) and express a cytotoxic effector phenotype (19, 35, 38, 53) indicating in situ activation. Several studies have demonstrated selective enrichment of EBV-specific CD8 T cells but not CD8 T cells recognizing cytomegalovirus (CMV) or candidate MS-associated autoantigens, in the cerebrospinal fluid (CSF) of MS patients (54) (55) (56) (57) , suggesting activation of a localized cytotoxic T-cell response toward EBV.
Despite intimate contacts between cytotoxic CD8 T cells and EBV-infected cells being visualized in the MS brain (19, 35, 38, 58) , direct demonstration of the presence and effector function in situ of EBV-specific CD8 T cells is missing. This issue can be tackled by using fluorochrome-labeled, major histocompatibility complex (MHC) class I peptide multimers (tetramers or pentamers), which allow the distinguishing of antigenspecific from total CD8 T cells in appropriately processed human tissues (59) (60) (61) . In this study, we used postmortem brain tissue donated by persons with MS and in situ pentamer staining to (i) characterize the EBV antigens recognized by CNS-infiltrating CD8 T cells, (ii) compare the frequency of EBV-specific CD8 T cells with that of CD8 T cells recognizing other common viruses or a putative myelin autoantigen, and (iii) study the cytotoxic effector function of CNS-infiltrating, EBV-specific CD8 T cells and their spatial proximity to virus-infected B cells/plasma cells.
RESULTS
Neuropathological characteristics of MS brain samples and visualization of EBV-specific CD8 T cells in brain sections. Fresh-frozen brain samples from 12 MS donors carrying common HLA-A (A*0201) and/or HLA-B (B*0702, B*0801) alleles (Table  1) were used to perform in situ stainings with MHC class I pentamers coupled to immunodominant peptides from EBV-encoded latent and lytic proteins, CMV and influenza A virus proteins as controls, and the candidate MS autoantigen myelin basic protein (MBP) ( Table 2 ). In order to increase the chance of detecting virus-specific CD8 T cells, the brain tissue blocks analyzed in this study included immunologically active white matter (WM) lesions (active and chronic active lesions) and/or intact meninges containing substantial numbers of infiltrating CD8 T cells and B cells ( Fig. 1A to G). Based on our published (19, (35) (36) (37) (38) (39) and unpublished data, all selected MS brain samples contained EBV-infected cells, as revealed by in situ hybridization for the EBV noncoding small RNA EBER (35, 37) , immunohistochemistry for EBV proteins (19, (35) (36) (37) (38) , and/or real-time reverse transcription-PCR (19, 36, 39) . Figure 1 shows cells expressing EBER ( Fig. 1H and I), the EBV latency III protein EBNA2 (Fig. 1J ), the latency II proteins LMP1 and LMP2A ( Fig. 1K to M), and the EBV immediate-early lytic protein BZLF1 ( Fig. 1O ), as well as CD79a ϩ B cells expressing LMP1 ( Fig. 1N ) and Ig-producing plasma cells expressing BZLF1 ( Fig. 1P ), in brain samples from three of the 12 MS donors analyzed. Quantification of CD8 T cells in the MS brain sample cohort is shown in Fig.  1Q ; the number of CNS-infiltrating cells stained with anti-CD8 MAb ranged between 130 and 2,200 (median value, 675) per brain section.
In preliminary experiments, we aimed to find out whether EBV-reactive T cells could be visualized in situ and belonged to the CD8 T cell population. To this end, immunodominant B*0801᎑restricted responses toward the EBV latent protein EBNA3A and the EBV lytic protein BZLF1 (62, 63) were investigated. Serial brain sections from four HLA B*0801 ϩ MS donors were stained with anti-CD8 MAb and B*0801 pentamers coupled with EBNA3A-and BZLF1-derived peptides ( Table 2 ). Staining of MS brain sections with HLA class I-mismatched pentamers was also performed to check the specificity of pentamer binding. Bright-field immunohistochemistry revealed that isolated or clustered EBV pentamer-binding cells were intermingled with the more numerous anti-CD8 MAb-binding cells in perivascular immune infiltrates localized within or close to active white matter lesions ( Fig. 2A to F) and in the meninges (not shown). Cells binding EBNA3A or BZLF1 peptide-coupled pentamers were present in brain sections from all four HLA B*0801 ϩ MS donors, while no pentamer-binding cells were observed when adjacent sections were stained with A*0201 ( Fig. 2G) or B*0702 (data not shown) pentamers.
To validate the binding of pentamers to CD8 T cells in MS brain sections, we performed double immunofluorescence stainings with anti-CD8 MAb and B*0801/ BZLF1 or B*0801/EBNA3A pentamers. As depicted in Fig. 3 , binding of EBNA3A ( Fig. 3A ) and BZLF1 ( Fig. 3B to E) pentamers was restricted to CD8 T cells in brain sections from the four B*0801 ϩ MS donors analyzed, confirming the specificity and reliability of the observed stainings.
MS brain-infiltrating EBV-specific CD8 T cells recognize viral proteins expressed in different phases of viral infection.
We next searched and quantified EBV-reactive CD8 T cells in all brain samples included in this study (18 brain tissue blocks from 12 MS donors) using HLA-A*0201, B*0702, and B*0801 pentamers conjugated with identified immunodominant peptides from nine viral proteins expressed in different phases of the EBV life cycle: EBNA3A and EBNA3C (latency III or growth program), LMP1 and LMP2 (latency III and latency II programs), BZLF1 and BRLF1 (immediate-early lytic cycle), BMLF1 and BMRF1 (early lytic cycle), and BALF4 (late lytic cycle) ( Table 2 ). Cells binding EBV pentamers were visualized in bright field in brain sections from 11 MS donors (16 tissue blocks); two brain samples from one HLA-A*0201 ϩ donor (MS286) did not bind any of 5 different A*0201/EBV peptide-coupled pentamers or any other control pentamer (Table 3 ). These samples were among the less infiltrated ( Fig. 1Q ) and were excluded from the statistical analysis.
In the sample cohort displaying EBV pentamer binding, CD8 T cells to individual EBV peptides were visualized in all or the majority of tissue blocks analyzed (median, 100%; range, 67 to 100%). The CD8 T cells specific for EBV latent and lytic proteins ( Fig. 4 and 5, respectively) were observed in the infiltrated meninges and/or within perivascular cuffs of small to large size in active WM lesions and at the active edge of chronic WM lesions. In two donors (MS234 and MS289), both CD8-expressing cells and EBVspecific CD8 T cells were also found scattered throughout active WM lesions ( Fig. 5I , J, N, and O). The frequency of CD8 T cells recognizing individual EBV protein-derived peptides was calculated by dividing the number of pentamer-binding cells counted in the entire brain section by the number of cells stained with anti-CD8 MAb in an adjacent section. For each EBV peptide analyzed, there was high variability in the frequency of pentamerbinding cells visualized in brain sections from different donors or from different brain tissue blocks of the same donor (Table 3 and Fig. 6A ). The percentage (median value) of EBV peptide-specific CD8 T cells ranged between 0.5 and 2.5% of the total CD8 cell population ( Fig. 6A ). Frequencies above 3% (up to 4.5%) were found only in brain sections stained with pentamers coupled with peptides from the latency III protein EBNA3C, the immediate-early protein BZLF1, and the early lytic proteins BMLF1 and BMRF1 (Table 3 and Fig. 6A ). Using the Kruskal-Wallis test, no significant differences were found in the frequency of CD8 T cells recognizing EBV latency or lytic cycle-related proteins. Collectively, however, CD8 T cells recognizing EBV lytic antigens tended to be more frequent than those recognizing EBV latent proteins ( Fig. 6B ). Only in the HLA-B*0801 ϩ sample subgroup (8 brain samples from 6 MS donors) was the frequency 
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The frequency of EBV-specific CD8 T cells raised to 12 to 19% when the frequencies of CD8 T cells reactive to different EBV peptides in serial brain sections from the same tissue block were summed and to 8 to 9% when brain sections were incubated with a mixture of two EBV pentamers (i.e., B*0801/EBNA3A and B*0801/BZLF1) ( Table 3 and CD8 T-Cell Response to EBV in Multiple Sclerosis Journal of Virology Fig. 5N ). These data suggest that EBV-specific CD8 T cells account for a substantial proportion of CNS-infiltrating CD8 T cells. CD8 T cells recognizing common viruses and MBP are less frequent than EBV-reactive CD8 T cells or are undetectable in the MS brain. We then asked whether CD8 T cells specific for immunodominant proteins of other common viruses, like CMV and influenza A virus, or the putative CNS autoantigen MBP could be visualized in the MS brain and if their frequency differed from that of EBV-specific T cells. CD8 T cells recognizing CMV were searched in brain samples from 12 MS donors using HLA-A*0201 and HLA-B*0702 pentamers conjugated with two different peptides from pp65, the major CMV structural protein, and HLA-B*0801 pentamers conjugated with a peptide from IE1, a major CMV immediate-early protein ( Table 2) . CMV-specific CD8 T cells were detected in brain sections from 4 of 12 MS donors ( Fig. 4C, F, and M) , accounting for 0.2 to 0.3% of the total CD8 population ( Table 3) . No influenza A virus-specific CD8 T cells were detected in brain sections from 6 MS donors (Table 3 and Fig. 4N ) when HLA-A*0201 and HLA-B*0702 pentamers coupled to influenza A virus matrix protein (MP)-and nucleoprotein (NP)-derived peptides, respectively, were used ( Table 2 ). In addition, no MBP-specific CD8 T cells were detected in brain samples from 4 HLA-A*0201 ϩ MS donors ( Table 3 ). The frequencies of CNS-infiltrating CD8 T cells recognizing CMV, influenza A virus, or MBP-derived peptides were always significantly lower than the frequencies of CD8 T cells recognizing EBV protein-derived peptides, both through all-HLA backgrounds (Fig. 7A) and by comparing the response to A*0201-, B*0702-, or B*0801-restricted epitopes (Fig. 7B to D) . tory cytokines and displaying cytotoxic activity are extremely effective in controlling viral infections, we sought to gain insights into the effector functions of CNS infiltrating EBV-specific CD8 T cells. In an initial set of experiments, brain sections from HLA-B*0801 ϩ MS donors were simultaneously labeled with EBV peptide-coupled pentamers (a mixture of EBNA3A/B*0801 and BZLF1/B*0801 pentamers) and antibodies to the proinflammatory cytokine gamma interferon (IFN-␥) or the lytic enzyme granzyme B, both of which are expressed by CD8 T cells infiltrating the MS brain (19, 35, 38, 53, 58, 59) . However, neither of these intracellular antigens could be visualized by immunofluorescence in fresh-frozen brain tissue (data not shown). Hence, to evaluate the cytotoxic function of EBV pentamer-binding cells, we performed double immunofluorescence stainings with the above-mentioned pentamers and a MAb specific for the degranulation marker CD107a. In agreement with previous data (35, 59) , membrane expression of CD107a, a component of cytotoxic granules exposed on the cell surface after release of lytic granule contents, was observed in a proportion (approximately 15%; range, 7 to 20%) of CNS-infiltrating CD8 T cells ( Fig. 8A to E) . Furthermore, membrane CD107a staining was observed in virtually all cells binding pooled HLA-B*0801/EBNA-3A and HLA-B*0801/BZLF1 pentamers ( Fig. 8G to J) , indicating ongoing cytotoxic activity of EBV-specific CD8 T cells recognizing two highly immunodominant EBV antigens (62, 63) .
EBV-reactive CD8 T cells exhibit cytotoxic activity and contact EBV-infected cells in the MS brain. Since polyfunctional CD8 T cells producing multiple inflamma-
We next asked whether EBV-specific CD8 T cells interact directly with EBV-infected cells in the MS brain. Due to technical reasons (i.e., incompatibility of tissue fixation and/or use of rabbit polyclonal antibodies to EBV antigens with the pentamer staining procedure), the only EBV antigen that could be analyzed in conjunction with the corresponding pentamer was the latent protein LMP2A. Staining of brain sections from 
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Journal of Virology one HLA-A*0201 MS donor (MS79) with antibodies to LMP2A and a mixture of A*0201/ LMP2 356 -364 and A*0201/LMP2 426 -434 pentamers allowed us to visualize EBVspecific CD8 T cells contacting or juxtaposed to LMP2A ϩ cells within the perivascular space of inflamed blood vessels in white matter lesions and in the meninges (Fig. 9A to C). Staining of brain sections from the same A*0201 ϩ MS donor with pooled A*0201/LMP2 356 -364, A*0201/LMP2 426 -434, and A*0201/EBNA3C pentamers and anti-CD20 MAb also allowed us to visualize EBV-specific CD8 T cells contacting B cells ( Fig. 9D and E) . These observations suggest that encounter between EBV-specific CD8 T cells and infected B cells expressing the cognate viral antigen occurs in the MS brain, possibly leading to T-cell activation and killing of virus-infected cells.
DISCUSSION
The aim of this study was to test the hypothesis that EBV-specific CD8 T cells are involved in CNS tissue damage in MS by mediating an immunopathological response toward a persistent intracerebral EBV infection that was documented in previous studies performed in our (19, (35) (36) (37) (38) (39) and other (40) (41) (42) laboratories.
The key finding is that EBV-specific CD8 T cells are commonly found in the MS brain and are significantly more frequent than CMV-specific CD8 T cells. Furthermore, CD8 T cells recognizing influenza A virus or a putative CNS autoantigen are not detected. These data suggest that entry of EBV-specific CD8 T cells into the MS brain results from active recruitment rather than nonspecific extravasation due to the local inflammatory process. The findings obtained in MS brain tissue are in line with previous studies showing that CD8 T cells recognizing EBV, but not CMV or several candidate CNS autoantigens, accumulate in the CSF of MS patients (54) (55) (56) (57) . In a recent study performed in postmortem MS brain tissue (53), T cells, mainly CD8 T cells, recovered from WM lesions did not recognize nine candidate CNS autoantigens, including MBP, but did recognize autologous EBV-transformed B-cell lines; however, the cognate antigen, EBV or a B-cell-associated antigen, was not identified. Taken together with neuropathological evidence of active EBV infection in CNS-infiltrating B cells/plasma cells (19, (35) (36) (37) (38) (39) 42) and the predominance of CD8 T cells with a cytotoxic effector phenotype in the MS brain (50) (51) (52) (53) , the selective enrichment of EBV-specific CD8 T cells in postmortem MS brain samples reported here and in the CSF of MS patients (54-57) supports a pathogenic model of MS where skewed cytotoxic immune responses toward EBV may contribute to inflammation in the CNS. Failure to eradicate a chronic active EBV infection in the MS brain should lead to a vicious circle of viral antigens stimulating the anti-EBV immune response, which maintains local inflammation with devastating effects in a tissue with very limited regenerative capacity. In the context of chronic immune stimulation, a few EBV-specific CD8 T cells may be sufficient to amplify inflammation by activating macrophages and recruiting more antigen-specific as well as bystander T cells. This disease model is consistent with the notion that CD8 T cells are the main drivers of bystander tissue damage in EBV-associated immunopathologic diseases (7, 49) . It also shows analogies with the pathogenesis of another inflammatory demyelinating disease of the CNS, human T-lymphotropic virus type 1 (HTLV-1)-associated myelopathy (HAM) or tropical spastic paraparesis, which is an infrequent complication of HTLV-1 infection (64) . In HAM, circulating HTLV-1-infected T cells invade the CNS and trigger an immunopathologic response against the virus which damages neural cells (64) . By analogy, MS could be considered a rare neurological complication of the most common EBV infection (4).
An EBV-centered pathogenic model of MS could also explain why B-cell-depleting CD8 T-Cell Response to EBV in Multiple Sclerosis Journal of Virology therapy, which is used in EBV-associated lymphoproliferative disease to eliminate EBV-transformed B cells, is highly effective in MS (24, 25, 32) . In this disease, depletion of B cells by anti-CD20 MAbs would lower the viral burden and, consequently, the CNS-directed immunopathological response. Recently, we described profound EBV deregulation in the CNS and deep cervical lymph node, but not pulmonary lymph node, of a patient with primary progressive MS (65) . We also observed a prominent proliferation of CD20-negative immunoblasts in the cervical lymph node paracortex, a finding indicative of T-cell activation (65) . Although preliminary, these findings point to CNS-draining lymph nodes as the key site where an immunopathological response targeting intracerebral EBV is stimulated. Depletion of B cells supporting an active EBV infection in CNS-draining lymph nodes could explain the rapid therapeutic effect of anti-CD20 MAbs in MS despite low penetration in the CNS (66) . The finding that rituximab causes depletion of B cells and a marked decline of T cells in the CSF of treated MS patients further suggests that EBV-infected B cells sustain pathogenic T cell responses (67, 68) .
The second main finding of this study is that EBV antigen recognition by CNSinfiltrating CD8 T cells encompasses a wide range of proteins expressed in different phases of the EBV life cycle. These include nuclear (EBNA3A and EBNA3C) and membrane proteins (LMP1 and LMP2) expressed during EBV latency and BZLF1, BRLF1, BMLF1, BMRF1, and BALF4 proteins expressed during immediate-early, early, and late phases of the viral lytic cycle (6, 7) . This finding is consistent with detection of a similarly wide range of EBV proteins and/or transcripts in postmortem MS brain samples, including EBNA2, EBNA3A, LMP1, LMP2A, BZLF1, BFRF1, BMRF1, gp350/220, and p160 (19, 35, 36, 38, 39, 42, 58, 59) . It should be stressed here that, analogous to the present study, EBV proteins and/or transcripts were detected in almost all MS brains analyzed when the samples included B-cell-containing immune infiltrates. The consistency of these findings corroborates the concept that intracerebral EBV infection and the CD8 T cell-mediated response to EBV play a role in MS pathogenesis.
A well-established hierarchy exists among CD8 T-cell responses that target EBV antigens. In particular, EBV latency III antigens EBNA3A/3B/3C are immunodominant, whereas the EBV latency II antigens, EBNA1/LMP1/LMP2A, are subdominant (62) . EBV lytic cycle antigens also display a hierarchy of immunodominance, as the two immediateearly antigens, BRLF1 and BZLF1, and some early antigens elicit stronger responses than late lytic antigens (62, 63) . In this study, no preferential CNS infiltration by CD8 T cells specific for the most immunodominant EBV protein-derived peptides was observed. However, CD8 T cells specific for EBV lytic proteins tended to be more frequent than those specific for EBV latent proteins, and CD8 T cells recognizing BZLF1 were significantly more frequent than those recognizing EBNA3A in the HLA-B*0801 background. Of interest, the frequency of CD8 T cells specific for EBV lytic antigens, including BZLF1, in the peripheral blood of patients with relapsing MS was higher during disease flares, while the CD8 T-cell response to EBV latent antigens increased during remissions (19) . Since the MS brain samples analyzed in this study were characterized by a high degree of immune cell infiltration, it is plausible that more pronounced CNS inflammation is associated with a relatively higher frequency of EBV lytic antigen-specific CD8 T cells in brain tissue.
The third main finding of this study is that EBV-specific CD8 T cells recruited to the MS brain have a cytotoxic phenotype and contact EBV-infected cells. Cytotoxic activity revealed by perforin, granzyme B, and membrane CD107a immunostainings, as well as tight contacts with EBV-infected cells, was previously demonstrated for MS braininfiltrating CD8 T cells (19, 35, 38, 58, 59) . For technical reasons, in this study only expression of membrane CD107a in the subpopulation of EBV-specific CD8 T cells and contacts between EBV latently infected cells expressing LMP2A-and LMP2-specific CD8 T cells were investigated. The results suggest that EBV-specific CD8 T cells infiltrating the MS brain become activated after recognition of their cognate antigen on EBVinfected cells and kill their target cells. However, it is likely that not all encounters between CNS-infiltrating EBV-specific CD8 T cells and EBV-infected cells lead to elimi-nation of the latter. Because EBV-encoded proteins and viral microRNAs have immune evasion functions (69, 70) , the cytotoxic response could fail to fully control intracerebral EBV infection, thereby perpetuating inflammation. It is also known that the T-cellinhibitory molecule PD-L1 is upregulated by EBV latent proteins and may inhibit the immune response to EBV ϩ tumors (71) (72) (73) . Further experiments are needed to establish if PD-L1 is expressed on EBV-infected B cells in the MS brain and plays a role in suppressing the local activation of PD-1 ϩ cytotoxic T cells (53, 74) .
If EBV is the main antigenic stimulus promoting immune-mediated inflammation in MS, it should be possible to treat MS by normalizing the EBV-host balance with antiviral drugs or T-cell therapy. Previous trials with antiherpesvirus drugs in MS did not show any significant improvement in clinical and radiological parameters but highlighted a possible effect in a subgroup with high disease activity (75) . Interestingly, a recent study described the case of an HIV-negative patient with relapsing-remitting MS who achieved significant and sustained disease improvement upon treatment with zidovudine/lamivudine (Combivir), a highly active antiretroviral therapy (76) . It was suggested that the beneficial response to zidovudine/lamivudine is related to the action of zidovudine, a known inhibitor of EBV lytic DNA replication (77) . Based on the assumption that defective CD8 ϩ T-cell immunity to EBV leads to CNS colonization by EBVinfected autoreactive B cells (21, 22) , adoptive immunotherapy with in vitro-expanded autologous T cells directed against EBV latent proteins was recently used to treat MS patients (78) . In a phase I trial in progressive MS, EBV-specific immunotherapy had no adverse effects, but the therapeutic efficacy of this treatment has to be evaluated in larger clinical trials (78) .
The association between MS and the B-lymphotropic EBV is one of the best documented pathogen-chronic disease associations (4, 5, 10, 11) , leading to the possibility that prevention or reduction of the risk to develop MS could be achieved with EBV vaccines (79, 80) . To date, any theory of MS pathogenesis must explain the following, undisputed observations: increased MS risk after infectious mononucleosis; elevated immune reactivity to EBV, but not to any other tested pathogen; CD8 T cell predominance in the CNS inflammatory infiltrates; and high therapeutic efficacy of B-cell-depleting anti-CD20 MAbs. The present study offers a possible explanation for these phenomena and a rationale for current and future treatments for MS.
MATERIALS AND METHODS
Brain tissues and sample selection. Postmortem frozen tissue blocks (about 4 cm 3 each) from the cerebral hemispheres of persons with MS were obtained from the UK MS Society Tissue Bank at Imperial College London. Use of postmortem human tissues for research purposes was approved by the Ethics Committee of the ISS. Information on donors' HLA class I alleles was obtained through the UK Multiple Sclerosis Tissue Bank for samples included in a previous MS genome-wide association study (81) . For 11 donors, HLA genotypes were identified by HLA sequencing-based typing (Abbott Molecular) of brainderived DNA; genomic DNA was extracted from MS brain tissue (15 to 20 mg) using a QIAamp DNA minikit (Qiagen, Valencia, CA) by following the manufacturer's instructions.
Thirty-six snap-frozen brain tissue blocks from 24 MS cases who died in the progressive phase of MS and carried MHC class I alleles, enabling analysis of in situ pentamer binding using commercially available pentamers (Pro5 MHC class I pentamers; ProImmune, Oxford, UK), were included in a preliminary screening to select samples with good tissue preservation and substantial immune cell infiltration. For neuropathological assessment, brain sections (10 m) were stained as described previously (19, 35, 36, 38) . The extents of demyelination and lesion inflammatory activity were evaluated by immunostaining for myelin-oligodendrocyte glycoprotein (MOG) (kind gift of S. Piddlesden, Cardiff, UK) and MHC class II molecules, respectively (19, 35, 36) . The degree of leukocyte infiltration in the meninges and white matter was evaluated using hematoxylin and eosin (H&E) staining and by immunohistochemistry using antibodies to B-cell (CD20 and CD79a), plasma cell (IgA, IgG, and IgM), and T-cell (CD8) markers (19, 35, 36, 38) . The presence of degranulating CD8 T cells was assessed by double immunofluorescence for CD8 and CD107a, as described previously (35) . After extensive neuropathological characterization, 18 brain blocks from 12 MS donors were selected for this study (Table 1 ). Based on the available clinical documentation, no immunotherapy was reported in the 6 months before death. HLA class I allele restriction, demographic and clinical data of the MS donors included in this study, and postmortem delay of brain tissue collection are shown in Table 1 .
EBV detection. EBER in situ hybridization was performed using the PNA probe, which hybridizes with both EBER1 and EBER2, and the detection kit from DakoCytomation (Glostrup, Denmark), as described previously (35, 37) .
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Journal of Virology Immunohistochemical stainings for EBV latent (EBNA2) and lytic (BZLF1) proteins and double immunofluorescence stainings for LMP1 and the B-cell marker CD79a and for BZLF1 and the plasma cell marker IgA, IgG, and IgM were performed in sections from paraformaldehyde (PFA)-fixed frozen brain tissue blocks of three MS donors analyzed in this study (MS79, MS92, and MS121), as previously described (19, (35) (36) (37) (38) . For double immunofluorescence staining for LMP1 and LMP2A, brain sections were incubated with anti-LMP2A rat MAb (1:50; clone TP4E11; Ascenion, Munich, Germany) and anti-LMP1 mouse MAb (1:100; clone CS.1-4; DakoCytomation) in phosphate-buffered saline (PBS) containing 1% bovine serum albumin overnight at 4°C, and, after washing with a mixture of Alexa Fluor 488-conjugated donkey anti-mouse IgG (Invitrogen, Eugene, OR) and tetramethylrhodamine (TRITC)-conjugated donkey anti-rat Ig (Jackson ImmunoResearch Laboratories, Cambridgeshire, UK), both diluted 1:300 in PBS containing 3% normal donkey serum. After further washings, sections were mounted with antifade mounting medium containing 4=,6-diamidino-2-phenylindole (DAPI) (Invitrogen).
In situ pentamer staining. Each snap-frozen brain tissue block was cut in series of twenty 10-m sections with a cryostat; sections were air dried for 12 h at room temperature (RT) and stored at -80°C for no longer than 4 weeks. The first, the tenth, and the last sections of each consecutive series were stained with anti-CD8 MAb (DakoCytomation) and were used for quantification of CD8 T cells. The other sections were used to investigate pentamer binding. In situ pentamer stainings were performed in bright field using R-phycoerythrin (R-PE)-labeled Pro5 MHC class I pentamers (ProImmune) by following the manufacturer's instructions, with minor modifications. Air-dried, frozen brain sections were maintained at RT for 90 min, rehydrated with 3 washes (2 min each) in PBS, and incubated with 10% normal goat serum (NGS) (Sigma-Aldrich, St. Louis, MO) for 30 min. Sections were then incubated overnight at 4°C with HLA class I pentamers (diluted 1:5 in PBS, final concentration of 10 g/ml). In some experiments, brain sections were incubated with a mixture of two EBV pentamers. After extensive washing, sections were fixed in 2% PFA at RT for 15 min and then, after washing in PBS, were incubated overnight with rabbit anti-R-PE polyclonal antibody (1:400 in PBS containing 5% NGS) (GeneTex Inc., Irvine, CA). After washing in PBS, sections were incubated in PBS containing 0.1% H 2 O 2 for 20 min in the dark to quench the endogenous peroxidase activity and then with biotinylated goat anti-rabbit IgG (1:300 in PBS containing 3% NGS) (Jackson ImmunoResearch Laboratories) for 1 h at RT, followed by avidin-biotin horseradish peroxidase complex using the ABC Vectastain elite kit (Vector Laboratories, Burlingame, CA) for 1 h. The staining reaction was performed with 3,3=-diaminobenzidine (Sigma-Aldrich) as the chromogen. Negative controls included the use of HLA-A or HLA-B mismatched pentamers and omission of anti-R-PE polyclonal antibody. Sections were counterstained with hematoxylin, dehydrated in ethanol, sealed with Canadian balsam, and viewed under an Axiophot microscope (Carl Zeiss, Jena) equipped with a digital camera (AxioCam MRC); images were acquired using AxioVision 4 AC software.
For double immunofluorescence stainings with EBV peptide-coupled HLA class I pentamers and antibodies to CD8, CD20, CD107a, or LMP2A, brain sections were incubated with one or more pentamers and, after fixation with 2% PFA and washing in PBS, with a mixture of rabbit anti-R-PE polyclonal antibody and one of the following MAbs: anti-CD8 mouse MAb (1:50, clone C8/144B; DakoCytomation), anti-CD20 mouse MAb (1:50, clone L26; DakoCytomation), anti-CD107a mouse MAb (1:150; clone H4A3; BD Bioscience, San Jose, CA), and anti-LMP2A rat MAb (1:50) in PBS with 5% NGS. After extensive washing in PBS, sections were incubated with a mixture of biotinylated goat anti-rabbit Ig and Alexa Fluor 488-conjugated goat anti-mouse or donkey anti-rat IgG (Invitrogen) diluted 1:300 in PBS containing 3% NGS or donkey serum and then with TRITC-conjugated streptavidin (Jackson ImmunoResearch Laboratories). After further washings, sections were mounted with antifade mounting medium containing DAPI. Sections were analyzed and images acquired with a digital epifluorescence microscope (Leica Microsystem, Wetzlar, Germany). Negative-control stainings were performed using mismatched pentamers and Ig isotype controls or rabbit preimmune serum.
Cell counts. Following careful microscopic examination of brain sections, CD8 ϩ cells and pentamerbinding cells were counted in bright field in the whole section area (median value, 3 cm 2 ; range, 2.5 to 4.4 cm 2 ) with a Plan-Neofluar 20ϫ objective. The percentage of pentamer-binding cells in the total population of brain infiltrating CD8 ϩ cells was calculated by dividing the number of pentamer-binding cells counted in a given section by the total number of CD8 ϩ cells counted in a serial section that was no more than 5 sections apart.
Statistical analysis. For univariate analyses, Mann-Whitney U test (for unpaired data) was used. Multiple independent variables were analyzed by Kruskal-Wallis test with the Dunn-Bonferroni post hoc correction for multiple testing. Analyses were performed using IBM SPSS Statistics 25 software.
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